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FOREWORD 


This  research  program  is  being  carried  out  in  the  research 
laboratories  of  Union  Carbide  Corporation  located  at  Tarrytovai,  New  York 
(Union  Carbide  Research  Institute).  The  vork  is  supported  by  the  Advanced 
Research  Projects  Agency  under  Contract  No.  EA-3O-O69-ORD-2787  with  the 
U.  S.  Array  Missile  Command,  Redstone  Arsenal,  Alabama.  The  report  period 
is  from  October  1,  19^^  to  December  19^4. 

The  program  at  Union  Carbide  Research  Institute  is  supervised  by 
Dr.  Richard  Kabler  with  Dr.  S.  R.  Aspinall  serving  as  general  project  co¬ 
ordinator  and  Manager  of  the  Institute. 

The  scope  of  the  program  as  stated  in  the  contract  is  "to  obtain 
a  better  understanding  of  the  mechanisms  which  govern  the  behavior  of 
materials  in  high -temperature  environments,  to  learn  how  to  make  the  most 
effective  'se  of  available  materials,  and  to  obtain  a  better  knowledge  of 
optimum  properties  desired  for  new  materials  for  particular  use.  Thie  work 
is  expected  to  provide  guiaance  for  those  concerned  with  the  development  of 
materials  and  the  use  of  materials  in  solid-propellant  engines." 
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I  SUMMARY 


An  extensive  series  of  measurements  of  the  rate  of  oxidation  of 
tungsten  by  COg  In  the  presence  of  CO  vas  run  to  explore  the  validity  of  the 
back  reaction  term  In  the  rate  equation 


r  = 
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The  values  of  the  constants  A,  a,  B,  and  B  are  still  provisional. 

Experimental  rates  are  compared  with  those  calculated  from  the  above 
equation  and  Its  auxiliary  diffusion  equations.  It  Is  clear  that  our  model 
predicts  the  effect  of  CO  very  well  over  the  range  of  conditions  studied. 
Further  studies  with  higher  CO/CO^  ratios  are  indicated  because  the  reduction 
In  reaction  rate  found  is  relatively  small. 


Samples  of  Linde  swaged,  LCCP  plated,  UCPJ  arc-melted  and  Cieneral 
Electric  swaged  tungsten,  the  last  cut  both  perpendicular  and  parallel  to  the 
cylinder  axis,  were  oxidized  in  100  torr  COg  flowing  at  9000  cm/sec.  All  re¬ 
acted  at  rates  that  fell  on  a  single  log  rate  vs.  l/T  curve.  The  small  degree 
of  scatter  In  these  data  reflects  the  improved  control  of  conditions  that  has 
been  achieved  by  modifications  of  the  arc-lmrage  apparatus.  Since  the  General 
Electric  tungsten  was  cut  from  one  of  the  billets  procured  for  construction  of 
the  nozzle  Inserts  to  be  used  in  the  forthcoming  rocket  tests  the  kinetic  para- 
Hieters  already  derived  should  be  applicalle  in  interpreting  these  tests. 


Enough  progress  has  be^n  made  with  the  tungsten-HF  reaction  for  us  to 
be  confident  tha  ■  using  the  arc-irage  reactor,  we  can  investigate  the  kinetics 
of  this  reaction  over  a  useful  range  of  temperatures  and  HF  pressures.  Much  of 
the  equipment  needed  has  already'  been  built  and  tested.  Both  the  rate  of  cor¬ 
rosion  and  the  apparent  activation  energ>'  ar'e  much  Lower  for  Ujngr.ton  in  }IF  than 
for  tungsten  In  COg  under  our  conditions  cf  pressure,  tempo i-atvu-o ,  and  flow. 


pi  ocedure 


Work  on  the  anaiy'sis  of  stagrgi?  ion- flow  reacto“n  has  continued.  Tl-.e 
chosen  for  tie  ruuar-rlcal  solution  of  the  stagnation-line  equations 


con.sl5tr  of  reduc'ion  of  ttier.e  eqi»tlons 


*o  a  "ft' 


of  first-order  equations, 


forvard  inte^’ration  from  estimat.ed  initial  (surface)  conditions,  aiid  refinewnit 
of  the  initial  conditions  to  yield  desired  end-point  valios.  We  are  nov  able  tc 
integrate  stagnation-line  equations  for  constant  comp.  -n,  vi'jcosity,  thermal 
conductivity  and  heat  cap^acity.  The  restriction  of  constant  composition  will 
next  be  removed  by  introducing  the  equations  of  continuity  of  species  and  the 
diffusion  equations. 

A  test  motor  ( II’PNA-UIMI )  for  nozzle-insert  corrosion  testing  is  leing 
designed  by  the  Army  Missile  Command  to  operate  with  constant  fuel  and  oxidizer 
feed  rates  at  chamber  pressures  up  to  1000  psl.  Estimates  of  the  nozzle-insert 
heating  show  that  to  reach  the  desired  operating  temperatures  the  tungsten  In¬ 
sert  must  be  thermally  insulated  from  Its  holder.  A  proposed  nozzle -Insert  and 
holder  design  was  submitted  to  the  Propulsion  Laboratory  for  mating  with  ‘he 
motor  aft  closure.  The  measurements  and  associated  calculations  to  be  made  are 
discussed. 

A  plausible  kinetic  model  for  the  oxidation  of  tungsten  has  been  deduced 
from  our  earlier  mass-'-pectrometric  measurements.  The  various  rate  constants  sc 
established  may  be  used  to  estimate  the  rate  of  the  oxygen- tungsten  reaction  at 
temperatures  and  pressures  such  that  the  surfsce  conditions  are  similar  to  these 
that  prevailed  during  ^he  experiments.  The  present  method  of  prediction  yields 
agrees  with  the  experimental  results  of  Perkins  et.  al.  to  ca.  50^  at  2900®K  an: 
0.1  to  3  torr  0^;  at  higher  and  lover  temperatures  the  agreement  is  not  as  good, 
but  still  commendable. 


Vapor  species  forrooc’  by  the  reaction  of  molecular  oxygen  with  molyb¬ 
denum  wre  identified  and  the  ■  intensities  measured  as  a  function  c;f  s'  rfaoo 
temperaturt?  and  oxjwten  pras.uire  over  the  ranges  *0  2d3'r“K  and  iO  tc 

2  X  10  *  torn  0^.  The  prin^^piil  products  an?  M.Oy.g),  McO^ig),  MoO(g),  and  0, 

Tne  high-te  iiix?ratare  furnace  for  the  SIer)i?ns  diffractometer, 

•with  a  helivim  atn-osphei'e  to  minlmiz*?  .*^urrace  loron  boss,  whs  used  to  tolb-' 
x-ray  diffraction  data  for  Ifi  up  to  •  If’C,  from  ^.blch:  lattice  ''onstan's  o-;;; 
tentative^  •-■er*'  calculated  ;y  leas  v-sq-uares .  Kess -r.pec’ rcr»*  er  studies  sh  •fa' 
the  losses  nf  1  oron  exjnrienced  f  r  P ,  a*  al  T,it  10CX'''C  in  vacuum  m,  !•'  1 

cl  •  .  * 

of  reaction  vi‘h  traces  ■'f  water  •  '  f^rm  JilO)  ,  Ice  nistaru  an;!  'x 

panrisn  tatei  u'ained  for  a  ...u  sample  -.f  TIP,,  up  ■ 20!^]':'  agree  exce 

tl 

*  he  ia^Ji  1  •uir.'*.;  earlier  ‘'r.m  a  tiffem’*  -ample  • 3  sifte:'’*- 


agreenvent  between  lattice  constants  before  and  after  the  POUl'C  run  Indicates 
that  little  boron  was  lost. 


Measurements  of  the  elastic  moduli  and  =1.4)  of  s ingle - 

crystal  tungsten  as  functions  of  temperature  to  l800°C  have  been  completed. 

A  report  on  this  work  is  being  prepared.  No  further  work  on  dynamic  elastic 
properties  is  planned  except  as  needed  for  studies  of  composite  materials. 

High-temperature  creep  has  been  followed  as  a  function  of  stress  at 
constant  temperatures  for  tnree  .nore  large-grained  polycrystalline  TIC 
specimens.  Two  of  these  wre  presumably  much  purer  than  previous  specimens 
and  their  creep  rates  were  m.uch  larger.  The  less  pure  specimen  showed  a  high 
stress  dependence  comparable  to  the  stress  dependence  reported  for  an 

earlier  specimen  of  equivalent  purity.  The  two  purer  specimens  showed  the 
smaller  stress  dependencies  and  a^’^.  The  plastic  deformation  of  TIC  is 

a  very  sensitive  function  of  structure  and  Impurities,  which  suggests  that  the 
hich-temperature  mechanical  properties  of  TiC  specimens  in  general  will  also 
be  hi(Thly  dependent  on  their  thermal  and  mechanical  history. 

Satisfactory  zone  melting  of  l/U-inch  tungsten  rod  is  nnticipeted  with 
equipment  on  order  for  the  automatic  control  of  bombardment  current  in  the 
electron  beam  zone  refiner.  Since  single-crystal  specimens  of  tungsten  cannot 
yet  be  made  here,  initial  measurements  of  stoad^^-state  creep  are  to  be  made  on 
single -crystal  specimens  of  1"^  obtained  from  Union  Carbide  European  Research 
Associates . 


Very  good  results  have  1  een  achieved  in  the  electrolytic  machining  of 
Iz-'-incl.  tungsten  rod.  A  tensile  specimen  l-incher.  long  with  a  central  b/8-inch 
.*augL*  section  and  l/u-lnch  long  cylindrical  knobs  on  each  end  has  been  produced. 


The  pyrohydrolytic  det eiTiination  of  boron  in  c.irccniiun  diboride  ami 
titanium  diiorido  was  succeG.sfuily  applied  to  the  diiorld*’r)  of  tantalum  and 
r.iotium,  0!-.d  .  vlti;  rone  mod  L  float  ions  ,  to  hafnium  dil  oride  us  tell.  Tr.e  t  r 

nr’!  in  cener.'ti  agreement  with  ti'.e  re.rul's  oi  taine  i  i  y  use  .'f  t'u**  rouM;e  verexi  i> 
r.jri):'.  n-th  :  i  »  ;;•  indicate  iefer  ;  or^n  i-ecovcry  iy  p>  ror.ydroly.r  is  'iian  :y  ■ 
f^roxl  ie  furl  r. . 


.'Vf/’letai  curiide  compr^r.ite.-  are  desifTied  to  ru}V!ri  ur  ir.  i  ow- 
em^rn'ur'*  ’  ■■  ‘  ier  '  h*'  r''f;'a't  'r'.'  car'  ide  i’relf,  na !  r.ta  .  r:  i  no 


decirab.le  high -temperature  properties  even  though  the  metal  may  melt  or 
vaporize.  Such  behavior,  as  measured  by  transverse  rupture  strength,  has  now 
been  found  for  TaC-Ag  composites.  One  check  on  the  probable  behavior  of  an 
infiltrated  composite  at  elevated  temperatures  is  to  determine  the  properties 
of  the  skeleton  after  complete  vaporization  of  the  infiltrant.  Silver- 
infiltrated  TaC  specimens  so  treated  had  substantially  the  sane  strength, 
density,  ana  resistivity  as  the  original  hot-pressed  TaC.  The  attractive 
feature  of  the  Ag-TaC  composite  is  that  it  is  generally  stronger  than  the 
original  TaC  from  room  temperature  to  about  lUOO*C  and  comparably  strong  at 
l800“C.  The  infiltration  and  the  subsequent  vaporization  of  the  silver 
apparently  do  not  disrupt  the  TeC  grain- to-(?rain  bonds. 

The  transverse  rupture  strength  oi'  the  TaC-Ni  compoEites  is  high  at 
room  temperature  but  drops  drastically  at  1^00"C.  Furthermore,  when  the  TaC-Nl 
composite  is  heated  to  high  temperatures  (crmr  2000'"C)  to  drive  off  the  nickel, 
the  carbide  skeleton  remaining  is  porous  and  friable  and  easily  b.rcken  by  hand. 
The  carbide -carbide  bonds  are  evidently  disrupted  the  nickel  at  temptratures 
at  and  above  its  melting  point.  Methods  that  nay  minimize  this  disruption  are 
being  studied. 

Hot-pressed  ZrC  bars  (80-90^  of  theoretical  density)  made  from 
purified  ZrC  powders  have  been  Infiltrated  with  nicke.l  or  with  silver,  but  with 
irregulair  results.  Scmetimes  the  rp^clmen  infiltrated  completely,  but  sonetlnes 
only  a  shall -w  surface  layer  seemed  to  be  affected.  Further  work  on  ZrC-based 
composites  is  desirable  because  they  may  well  have  better  resistance  to  hirb.- 
tempcrature  corrosion  than  TaC  and  JilC  composites  have. 


An  additional  means  of  achieving  skeletal  strength  at  very'  high 
tem^iers tares ,  and  also  of  making  use  of  sny  possible  advantage  derived  from  ti;e 
Grcap  IV  canbide.;,  is  the  use  of  carbide  solid  scluticnn.  liatches  of 
hO  TaC/20  HfC,  '>0  Tad  10  HiX,  Tar/2J  ZrC,  end  ^  TaC/ 10  ZrC  have  been  prc- 
yan!!  an  J  used  *o  make  r  oth.  *  ronsverse  ruptui'e  strength  and  Infiltra¬ 

tion  !  2  nr.k:: .  In  prellr.inury  infiltration  experiments  these  corr.positions 
■  ehave  i  sir.i'.arly  "o  TaC,  indicating  that  e5sentiall.v  continvioin  fine  pvr.  rl'y 
car,  re  achie've  i  rerro-lav-'ll  -g  *her>e  stiid  sciution  carl  Ides. 


II  INTRODUCTION 


Ttiis  prof^ain  is  concerned  with  Lhe  principles  governing  high- 
temperature  chemical  and  physical  behavior,  especially  in  the  respects  that 
may  contribute  importantly  to  th<_  successful  performance  of  materials  as 
rocket  components  operating  at  high  temperatures. 

The  materials  being  studied  here  are  tungsten,  graphite,  and  the  re- 
fractorj'  carbides  and  borides  of  the  tran.sition  metals.  These  carbides  and 
borides  are  difficult  to  handle  because  of  their  high  melting  points,  brittle¬ 
ness  and  hlgli  hardness  at  room  temperature,  and  susceptibility  to  contamination 
at  higb-  temperatures.  Thus,  a  considerable  effort  is  devoted  to  their  puri¬ 
fication  and  fabrication.  Composite  i-odies  consisting  of  interpenetrating 
carbide  and  metal  skeletons  are  being  prepared  and  evaluated.  These  appear 
tc  hold  promise  for  high-temperature  service,  especially  in  rocket  nozzles. 

Because  corrosion  of  rocket  nozzles  by  the  exhaust  gases  is  a  serious 
problem,  reaction  rates  1  ?tween  various  gases  or  combinations  of  gases  and  pos¬ 
sible  nozzle  materials  are  ieing  studied  as  functions  of  temperature  and  pressure 
in  ti'.is  program,  however,  at  ♦•ypical  temperatures  for  rocket  operation  these 
gas-sclid  reactions  ma.:.  be  controlled  rof  by  the  surface  reaction  rate  but  partly 
or  entirely  i  y  the  rates  of  Jiffusicn  o:  reactants  to  the  surface  or  of  products 
away  from  it.  Gp*’cial  efforir  ar--*  icing  made  lo  me  as 're  truly  surface-controlleii 
reaction  rare-s  for  the  various  refractory  materials  at  all  tenperaturCvS  of  in¬ 
terest  '.sing  c.xper Imcntai  conditions  that  afford  very  hig;;  mass -transfer 
rates,  T'v-.-  value:'  :'o  oi  tained  'oil!  permit  oaloulation  '^f  ^'orroslcn  rates  for 
conditions  viier'e  t  otb  surface  reaction  rate  an-i  diffusion  are  important. 


As  structural  port;-,  rcci-  j*  .eozzlt?:-  are  s'li  .locteii  to  :;uistantial 
strr*sr.ec  during-  operation,  rcarve  of  .strcs:-o.s  cb.ange  rt.*’.at  ivcly  slowly  wit':, 

time,  f.ni  tr.e.r  effects  on  *  fv*  :;c'zzie  ■will  ie  de*erm[n'''d  iy  creep  stren^-tr;  and 


’t'rc  or*-'  ais’  r'lpi  ';y  c'anoiri,'  s  t  •'^^ss*':;  ,  nTu  1 1  i  fr-m  :';d,:on 
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III.  TECHNICAL  RESULTS  AND  PLANS 


A.  Gas-Solid  Reactions 


Introduction 

In  the  September  19^3  Quarterly  Progress  Report  (QPR)  the 
relationship  between  gas-phase  diffusion  and  surface  kinetics  of  gas-solid 
reactions  was  discussed  in  some  detail.  There  and  in  the  following  QPR 
(December  I963),  it  was  pointed  oat  that  mnny  important  corrosive  reactions 
are  sometimes  controlled  by  gas  diffusion  and  sometimes  by  surface  kinetics 
depending  on  the  conditions  of  temperature,  pressure,  and  flow.  If  the  e-'fect 
of  a  corrosive  environment  on  a  refractory  material  is  to  be  predicted,  there¬ 
fore,  rate  expressions  for  the  potential  reactions  must  be  available  from 
laboratory  studies  approaching  as  closely  as  possible  the  conditions  of  tempera¬ 
ture  and  pressure  of  that  environment.  However,  slowness  of  gas-pliu,  .  diffusion 
can  interfere  with  laboratory  measurements  Just  as  it  affects  the  practical 
situations.  Each  experiment  intended  to  provide  surface-kinetic  data  must 
therefore  be  carefully  analyried  with  respect  to  gas  diffusion  and  designed  to 
minimize  its  effects. 

Our  first  objective  is  the  determination  of  the  surface-controlled 
rates  of  reactions  between  gaseous  rocket  exhaust  compon<.nts  and  actual  or 
potential  rocket  nozzle  materials  in  the  range  of  temperatures  and  pressures 
characteristic  of  rocket  operations.  Our  second  objective  is  the  development 
of  methods  of  applying  such  rate  data,  in  conjunction  with  aei-odynamic  analy'ses, 
to  predict  corrosion  rates  in  the  transition  region  between  surface  and  dif¬ 
fusion  control.  To  weigh  the  extent  of  control  by  gaseous  diffusion  all  the 
data  obtained  in  this  program  are  l^eing  analy'zed  ♦^o  determine  where  dlffusional 
effects  are  inportent. 

Vj  have  designed  anu  Vuilt  a  nunl  er  of  experimental  reactors  in  whicl. 
high  macs-trans  fer  rates  are  achieved  thr^ough  use  of  r.igh  velocity  gas  streams 
Impinging  in  stagnation  puttems  on  hot  samples;  the  effect  for  a  given 
reaction  Is  to  raise  ver;.'  considerably  the  tenperatures  at  which  gaseous 
diffusion  beccrcs  inportnn.,  in  deterrainl ng  oiserved  ri*ecticn  rates,  thus 
allowing  the  near-ureiacnt  of  pur"’v  surl ace-ccntrolled  reaction  rates  to  be  n? 


•.  1  A 


at  higgler  temperatures  than  otherwise  possible.  Section  A- 3  continues 
the  development  of  the  theory  of  mass  tranofer  in  such  systems. 

A  study  of  the  effect  of  CO  on  the  kinetics  of  the  oxidation  of 
tungsten  by  CO^  in  our  sub -atmospheric  stagnation-flow  reactor  is  described 
in  Section  A-1.  Further  Investigations  of  the  effect  of  tungsten  preparation 
on  the  kinetics  of  this  same  reaction  are  reported  in  this  section  also. 
Progress  in  our  study  of  the  kinetics  of  the  HF-W  reaction  is  described  in 
Section  /i-c. 

The  experimental  arrangements  described  above,  though  capable  of 
yielfiing  rate  expressions  at  temperatures  and  pressures  of  direct  Interest  In 
rocket  propulsion,  all  operate  under  conditions  that  preclude  observation 
of  the  detail.-i  of  the  gas-surface  reaction  mechanisms.  To  obtain  this  type 
of  information  mass-spectrometr^^  studies  of  reactions  at  very  low  pressures 
are  boing  conducted;  the  results  obtained  by  this  technique  for  the  O^-W  and 
Og-Mo  reactions  are  discussed  in  Section  A-5. 

We  plan  to  test  the  applicability  of  our  models  for  predicting 
corrosion  rates  by  comparing  predicted  with  actual  nozzle  insert  corrosion 
rates.  The  status  of  this  program  is  discussed  in  Section  A-k. 


II  r  -  2 


R.  A.  Graff,  I.  R.  Ladd, 


1.  Kinetics  of  the  Oxidation  of  W  by  CO^ 


J.  M.  Quets,  P.  N.  Walsh 


The  induction-heated  stagnation-flow  reactor  being  used  to  measure 
rates  of  corrosion  of  tungsten  by  carbon  dioxide  at  pressures  below  one  atmosphere 
has  been  described  (QPR  March,  June  1964).  Briefly,  the  experiments 
involve  flowing  a  metered  mixture  of  Ar  and  COg  at  room  temperature  in  a  stream 
perpendicular  to  one  face  of  a  cylindrical  tungsten  sanqile  heated  by  a  current 
concentrator.  The  total  pressure  of  the  reacting  mixture  is  the  stagnation 
pressure  over  the  tungsten  surface  and  the  temperature  of  the  reacting  surface 
is  measured  by  an  optical  pyrometer  during  ohe  course  of  the  experiment.  The 
rate  of  surface  recession  at  the  stagnation  point  is  the  desired  reaction  rate; 
it  is  ordinarily  multiplied  by  the  ratio  of  the  density  of  tungsten  to  its 
atomic  welgho  to  obtain  the  rate  in  moles/cm  sec. 


In  the  September  1964  QPR,  details  of  the  analysis  of  oixr  data  on 
the  biro‘1  of  the  oxidation  of  W  by  COg  were  presented;  the  choice  of  rate 
or'  atlov-  ;  ) 
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and  the  determination  of  the  constants  A,  a,  B,  and  3  in  this  equation  by  a 
least-squares  technique  were  discussed.  At  that  time,  the  iterative  least- 
squares  calculation  had  not  converged  though  a  reasonable  fit  to  the  data  had 
been  obtained.  The  calculation  has  new  been  carried  to  convergence;  the 
agreement  between  observed  and  calculated  rates  can  be  seen  in  Figure  A-1, 
which  includes  all  the  points  involved  in  the  calculation.  This  figure  can  be 
compared  vlth  Figures  A-8,  9^  and  10  of  the  September  1964  QPR,  which  show  the 

•K- 

previous  fit.  The  values  of  the  constants  at  convergence  are 

2 

A  =  15,648  moles/cm  sec.  atm 
a  =  90,891  cal/mole 
B  =  1.657  X  10  ^/atra 
3  =  -55,234  cal/mole. 


*  Tiie  fifth  parameter,  Nu*,  which  is  involved  in  the  diffusion  equal .  ons  that 
ara  solved  simultaneously  with  the  rate  equation  (cf.  QPR  September  1964) 
now  has  the  value  237 .0. 
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Thepe  constants  are  still  to  be  regarded  as  provisional,  becaur.e  (v.i.) 
tbe  temperature  uncertainties  discussed  in  tho  September  V-/:h  QPR  liave  not 
been  entirely  cleared  up. 

Extensive  mear.urementc  of  the  rate  of  oxidation  of  tungsten  by  CO^ 

In  the  presence  of  CO  vere  made  to  explore  the  validity  of  the  back  reaction 
term  in  the  rate  equation  (l).  In  one  set  of  runs,  the  CO/CO^  ratio  was 
varied  while  the  flow  of  Ar  was  kept  constant  at  ^4  S124  and  the  total  flow  of 
COg  -*■  CO  at  31^  SIW.  In  the  tv/o  other  sets,  the  CO^  and  CO  pressures  were 
varied,  while  the  CO/COp  ratio  was  held  constant.  The  experimental  rates  sire 
compared  in  Figures  A-2,  A-3,  and  A-4  with  those  calculated  from  our  model 
(Equation  (l)  and  its  auxiliary  diffusion  equations)  with  the  parameter  values 
listed  above.  It  i-  c'' ear  that  the  model,  which  was  deduced  ir  the  absence  of 
any  experimental  data  from  CO  runs,  satisfactorily  predicts  the  effect  of  CO 
observed  so  far.  However,  further  studies  vith  higher  CO/CO^  ratios  seem  in¬ 
dicated  because  the  reduction  in  reaction  rate  found  is  relatively  small  —  its 
maximum  extent  is  shown  in  Figure  A-5  where  the  observed  rates  at  20  torr  CO^ 
and  101  torr  CO  (in  219  torr  Ar)  are  compared  with  those  calculated  from  the 
model  for  these  conditions  and  for  20  torr  COg  in  320  torr  Ar.  In  this  case, 
the  CO  effect  is  seen  to  be  somewhat  over-predicted.  It  can  be  concluded, 
however,  that  the  form  of  back-reaction  term  emplo^yed  is  reasonable  and  that  CO 
has  no  appreciable  effect  on  the  forward  rate. 

In  the  arc-imace  reactor,  samples  of  Linde  swaged,  UCCP  plated, 

UCRI  arc-melted,  and  General  Electric  swaged  tungsten,  the  last  cut  both  per¬ 
pendicular  and  parallel  to  the  cylinder  axis,  were  oxidized  in  IO8  torr  COg 
flowing  at  9700  cm/sec.  All  reacted  at  rates  that  fell  on  a  single  log-rate 
vs.  1/T  curve  (Figure  A-t).  The  notably  small  scatter  reflects  improved 
experimental  control,  achieved  by  modifications  of  the  arc- image  apparatus,  as 
described  below  and  in  previous  reports.  Also  shown  in  Fig.  A--6  are  the  rates 
predicted  by  our  model,  using  again  the  parameter  values  derived  solei.v  from 
data  obtained  in  the  inuucti on-heated  reactor  on  Fansteel  tungsten.  The  curves 
differ  by  roughly  a  factor  of  two  ir.  rate  or  80°  in  temperature;  this  is  not  bad 
in  view  of  tiie  differences  in  experimental  techniques,  but  tlie  discrepancy  is 
large  enough  to  have  prompted  us  to  undertake  a  thorough  recalibration  of  cur 


*  Some  of  the  data  in  Figure  A-2  were  presented  'n  Figure  A-Ll  of  tiie 
September  V)Ch  u,PR. 
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methods  of  measuring  temperature  and  flov.  Since  the  General  Electric 
tungsten  vas  cut  from  one  of  the  billets  procured  for  construction  of  the 
nozzle  inserts  to  be  used  in  the  forthcoming  rocket  tests  (cf  Sec.  A~h)  it 
seems  that  the  kinetic  parameters  already  derived  should  be  adequate  for  in¬ 
terpreting  these  tests. 

The  copper  inlet  tube  (Figure  A-7)  vlth  improved  purge-gas  exit 
tube  that  vas  developed  for  HF  vork  differs  from  its  predecessor  in  that  the 
protective  sheath  of  argon  does  not  dissipate  its  momentum  as  rapidly  as  before; 
consequently,  the  reaction  products  are  svept  away  more  efficiently  and  the 
reactor  walls  stay  clean  longer.  This  tube  has  performed  very  well  for  the 
COg-W  reaction,  also. 

A  larger  and  optically  better  external  mirror  has  been  installed 
in  the  arc-image  furnace.  It  is  now  possible  to  heat  samples  to  at  least  2900 °K 
in  a  glass  reactor  and  to  melt  thoria  (3350‘'K)  in  the  open. 

Temperature  Corrections  -  In  the  June  and  September  196U  QPR's  it 
vas  reported  that  samples  used  in  the  stagnation-flov  reactors  show  diffcirent 
degrees  of  gross  surface  roughness  after  reaction,  this  being  greater  when  the 
reaction  occurs  ur.der  conditions  approximating  surface-rate  control  than  when 
gaseous  diffusion  is  important.  Such  differences  in  sample  surface  conditions 
can  cause  the  emittance,  and  hence  the  correction  from  brightness  temperature 
to  true  temperature,  to  be  different  for  different  samples. 

An  unsuccessful  attempt  was  made  to  deteimine  the  reflectivities, 
and  hence  the  omittances,  of  a  representative  group  of  reacted  samples  from  the 
induction-heated  stagnat ion -flow  reactor  by  directing  a  beam  of  0.65u  light 
nearly  normal  to  the  surface  and  focusing  the  light  reflected  in  all  directions 
onto  a  photocell.  A  sample  of  powdered  MgO  (reflectivity  assumed  unity)  was 
used  as  a  reference.  No  way  was  found  to  ensure  that  onl^"  the  reacted  part  of 
the  sample  was  illuminated,  and  the  measurements  scattered  excessively.  Since 
the  more  direct  emissivity  measurements  described  below  and  in  Section  A- 3  of 
the  September  I96U  QPH  indicate  that  the  room-temperature  and  high -temperature 
emissivities  may  not  be  the  same  for  these  samples,  high-temperature  measurements 
will  be  carried  out  on  samples  from  the  induction-heated  reactor. 
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Half  of  the  oxidized  surface  of  each  of  four  Linde  samples  and 
six  G.  E.  samples  studied  in  the  arc-image  reactor  was  carefully  repolished 
after  reaction,  then  reheated  in  pure  argon  to  2600“K  to  2T00®K.  In  none 
of  the  ten  samples  was  there  any  discernable  difference  in  brightness  tempera¬ 
ture  between  the  polished  half  and  the  oxidized  half.  Since  there  is  no 
reason  to  suppose  that  the  two  sides  of  the  sample  were  at  appreciably 
different  temperatures  and  since  a  test  with  a  piece  with  half  the  face  sand¬ 
blasted  indicated  that  brightness  temperature  differences  of  ten  degrees 
between  adjacent  surfaces  are  very  easily  discerned,  it  is  concluded  that  the 
oxidized  surfaces  differed  by  no  more  than  0.01  in  emittance  from  the  polished 
surfaces,  even  though  to  the  unaided  eye  the  reflectivity  and  consequently  the 
emittance  seemed  to  have  changed  considerably.  Microscopic  examination 
(Figure  A-8)  of  the  oxidized  samples  showed  that  each  surface  was  made  up  of 
small,  highly  reflective,  non-parallel  areas  of  transverse  dimensions  generally 
much  larger  than  0.65u,  the  wavelength  of  light  utilized  by  the  pyrometer.  On 
the  other  hand,  the  reflecting  areas  of  the  sanibiasted  saii5)le  (Figures  A-8a,c) 
and  the  oxidized  low-density  Rembar  tungsten  (reported  on  last  quarter)  were 
very  small,  probabl;^'  approaching  O.654.  Thus  far,  only  the  low-density  Rembar 
material  has  required  emittance  corrections  other  than  standard  literature  values. 

Hyper-Baric  Stagnation -Flow  Reactor  -  During  this  quarter, 
several  measurements  of  the  rata  of  reaction  of  tungsten  with  CO,,  at  a 
velocity  of  1.3^  x  10  cm/ sec  were  made;  these  showed  a  very  poor  reproduci¬ 
bility  because  the  experimental  difficulties  with  temperature  control  could  not 
be  overcome.  As  explained  in  the  September  lt)6L  QPR,  when  CO^  impinges  on  the 
tungsten  surface  tiie  temperature  is  substantially  lowered  and  this  lowering 
continues  during  the  course  of  the  experiment.  The  solution  now  under  study  is 
to  increase  the  power  Input  fast  enough*  to  keep  the  temperature  constant;  if 
thir  method  gives  good  results,  an  automatic  temperature  control  will  be  in¬ 
stalled  . 


Water-Vapor  Studies  -  Equipment  for  using  water  vapor  as  the 
reactive  component  in  the  gas  is  being  assembled  and  tested.  Experlroent>  i 
difficulties  St' 11  exist.  A  critical-flow  nozzle  for  metering  the  water 
vapor  is  now  being  calibrated. 
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2. 


The  W-HF  P.eactlon 


R.  A.  Graff,  1.  R.  Ladd,  P.  N.  Walsh 


Enough  progress  has  been  made  vith  the  tungsten-HF  reaction  for  us 
to  be  confident  that  ve  can  investigate  the  kinetics  of  this  reaction  over  a 
useful  range  of  temperatures  and  HF  pressures.  Already  built  and  tested  are 
(l)  a  leak-free  system  for  handling  gaseous  hydrogen  fluoride  Impinging  upon 
the  sample  face  at  velocities  up  to  9000  cm/ sec,  (2)  cam-operated  HF  valves 
with  relatively  large  orifices,  and  (3)  a  nozzle  system  (also  used  for  the 
tungsten-COg  reaction,  see  Figure  A-7)  providing  a  flow  pattern  such  that  a 
glass  reactor  can  be  used  without  becoming  fogged  during  a  run. 

Tiie  significant  data  obtained  thus  far  are  r  own  in  Figure  A-9 
and  compared  to  corrosion  by  an  equivalent  partial  pressure  of  CO^  in  Figure  A-t. 
In  three  other  runs  the  temperature  vai-ied  by  100  to  200  degrees  for  reasons  not 
yet  understood.  Twice,  however,  it  has  been  possible  to  hold  the  temperature 
within  a  range  of  ten  degrees  for  periods  of  five  minutes. 

Both  t)ie  rate  of  corrosion  and  the  appai’ent  activation  energy  are 
lower  for  tungsten  in  HF  than  for  tungsten  in  CO^  under  our  conditions  of 
pressure,  temperature,  and  flow. 

We  hope  next  quarter  to  accomplish  a  fairly  extensive  study  of  the 
turgsten-HF  reaction. 

3.  Analysic.  of  Stagnation -Flow  Reactors  R.  A.  Graff,  P.  N.  Walsh 

The  procedure  chosen  for  the  numerical  solution  of  the  stagnation- 
line  equations  (QPR  June  I96U,  p.  III-30ff)  consists  of  reduction  of  these 
equations  to  a  set  of  first-order  equations,  forward  integration  from  estimated 
initial  (surface)  conditions,  and  refinement  of  the  initial  conditions  to  yield 
desired  erd-point  values.  This  procedure  was  chosen  because  computer  library 
routiner  wei'e  available  for  the  forward  integration  and  the  refinement  of 
initial  conditions. 

Instabilities  in  the  forward  integration  were  noted  In  the  Septemi  er 
r-iCl  i^PR.  Because  of  the  complexity  of  the  problem,  It  was  not  possible  to 
discover  tiie  cause  of  the  instability  by  working  with  the  full  ret  of  equations. 
Consequently,  we  have  taken  the  approach  of  steu*tlng  with  a  simple  version  of 
the  p.rol  lem  (flow  at  constant  pressure,  temperature,  and  composition)  and  addir.- 
complexities  one  at  a  time.  In  this  way  we  have  progress iveli'  removed  the  res¬ 
trictions  of  constant  pressure  and  of  constant  temperature. 
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Several  points  have  so  far  emerged.  First,  successful  forvard  in¬ 
tegration  requires  careful  selection  of  initial  conditions.  Poor  initial  con¬ 
ditions  have  been  found  to  result  in  a  divergence  of  the  integration.  Proper 
values  have  been  found  by  trial.  Second,  the  integration  must  be  carried  to 
more  than  one-third  the  distance  to  the  nozzle  before  velocity  and  tempera¬ 
ture  (composition  has  not  yet  been  explored)  reach  values  appropriate  to  the 
external  solution.  With  proper  initial  conditions,  integration  to  the  nozzle 
exit  is  performed  without  difficulty  and  with  little  additional  computation 
time.  We  now  do  this  and  so  avoid  the  complexities  associated  with  the  use  of 
the  external  solution. 

It  has  been  found  necessary  to  modify  the  z-momentum  equation  (Q?R 
June  196^,  p.  III-39>  Fq.  U).  The  case  of  constant  temperature  and  composition 
may  be  used  to  Illustrate  the  difficulty.  For  this  case,  with  the  use  of  tlie 
continuity  equation,  the  z-momentum  equation  becomes 
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Since  p  is  directly  propr^rtional  to  pressure  under  the  conditions  assumed,  this 
is  a  second  order  equation  in  pressure, 


'^z 


nP _ 1.  r  3  P 

£  ~  v  C  u 


Bv 


^inP 

'^z 


3  1 

2  V  ^ 
z 


which  has  a  singxilarity  vdien  v  is  zero.  However,  v  is  zero  at  the  origin 

z  z 

when  there  is  no  I'eaction  and  is  zero  at  some  interior  point  when  corrosion 
occurs.  To  remove  this  singuleurity  ve  have  assumed  that  compressibility  has  a 
negligible  effect  on  the  shear  rate  (i.e.  the  density  term  on  the  right  side  of 
Eq.  (1)  has  b«*en  dropped)  and  obtained  the  first  order  pressure  equation 
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No  difficulty  has  been  encountered  In  the  integration  with  tills  modification. 


With  the  modified  z -momentum  equation  ve  are  able  to  integrate 
stagnation-line  equations  for  constant  coraposltion,  viscosity,  thermal  con¬ 
ductivity  and  heat  capacity.  The  restriction  of  constant  composition  will 
next  be  removed  by  introducing  the  equations  of  continuity  of  species  and 
the  diffusion  equations. 

A  test  of  tne  nonlinear  estimation  library  routine  (NUl)  that  is 
used  for  adjusting  of  initial  conditions  t  yield  the  proper  final  (nozzle  exit) 
values  of  the  variables  has  been  made  for  the  case  of  constant  temperature, 
pressure,  and  ccm^wsitlon.  With  initial  guesses  for  the  parameters  good  enough 
to  yield  a  successful  forward  integration,  convergence  on  desired  end-point 
values  was  obtained  without  difficulty.  NLE  will  now  be  used  on  the  more 
complex  problems. 

Rocket-Nozzle-insert  Test  and  Analysis  Program  D.  Pugh,  P.  N.  Walsh 

A  visit  was  made  on  November  30»  19^*+  to  the  Propulsion  Laboratory, 
Directorate  of  Research  and  Development,  Army  Missile  Command  to  discuss  liquid 
motor  firings  for  corrosion  studies  on  tungsten  nozzle  inserts.  The  procedure 
for  calculating  the  expected  corrosion  and  the  experimental  information  we  need 
from  the  firings  were  discussed. 

The  scheme  devised  for  calculating  the  rate  of  corrosion  of  a  test 
nozzle-insert  reqc’res  that  the  mass-flow  rate  be  constant  and  that  the  surface 
temperature  be  independently  known  from  experimental  ccesurements ,  as  a  function 
of  time.  A  standard  flame -temperature  and  composition  calculation  for  the 
chosen  fuel-oxidizer  mixture  at  the  given  initial  tliroat  pressure  will  th.en  ie 
used  to  compute  the  initial  free-stream  gas  composition.  Next,  the  initial  rat.- 
of  removal  of  tungsten  will  be  obtained  by  an  iterative  solution  of  the  surfac.* 
rate  equations  coupled  with  the  film-model  diffusion  equations  (cf.  September 
1  K:h  OPR,  pp  IV-6,7/  For  this  part  of  the  calculation,  the  state  of  our 
knowledge  requires  that  we  ascume  as  corrosive  only  those  gases  for  which  the 
rate  of  removal  of  tungsten  is  known  as  a  Tunction  of  temperature  and  partia'. 
pressure.  All  others  will  initially  be  considered  inert;  relaxation  of  ti.is 
restriction  to  permit  some  gas-phase  reaction  near  the  surface  will  be  con¬ 
sidered  later.  The  mass-transfer  coefficient  needed  in  the  diffusion  e  niations 
will  be  derived  frcsn  a  modified  Bartz^  correlation  using  an  average  of  t:  e 

1.  D.  R,  Bartz,  Jet.  Propulsion,  p.  Uo  (195T). 
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free-streara  and  surface  temperatures.  The  calculated  corrosion  rate  vill  be 
considered  to  be  constant  for  such  a  length  of  time  as  the  experimental 
surface  temperature  Is  known  to  be  constant  within  some  preset  number  of 
degrees  or  until  the  throat  cross-sectional  area  has  been  calculated  to  in¬ 
crease  by  a  preset  percentage.  From  the  calculated  throat  area  at  the  end  of 
this  period,  the  new  throat  pressure  will  be  determined,  o  new  free-stream 
temperature  and  composition  calculated,  and  the  corrosion  calculation  recycled. 
This  procedure  Involves  a  stepwise  sunination  of  the  total  corrosion,  but  may  be 
made  close  to  a  true  integration  by  choosing  small  increments  of  time. 

Preliminary  calculations  show  that  to  reach  the  desired  operating 
temperatures  the  tungsten  nozzle  Insert  must  be  thermally  insulated  from  its 
holder.  A  proposed  insert  and  holder  design  has  been  submitted  to 
Mr.  Donald  Dahlene  of  the  Propulsion  Laboratory. 

The  test  motor  (IFRNA-UDMH)  is  to  operate  with  constant  known  fuel 
and  oxidizer  feed  rates  at  chamber  pressures  up  to  1000  psi.  Pressures  as  a 
fi.ncticn  of  time  can  e  determined  to  ±  at  1000  psi.  Running  times  up  tc 

60  seconds  are  possible,  and  steady  combustion  conditions  in  the  chamber  should 
be  reached  in  about  100  milliseconds  after  start. 

Determination  of  the  insert  interior  surface  temperature  is  the 
principal  experimental  problem.  Present  plans  are  to  do  this  with  multiple 
thermocouple  probes  in  the  nozzle  insert  and  also  by  designing  the  insert  and 
holder  so  that  a  narrow-angle  recording  pyrometer  can  be  sighted  on  the  insert 
throat.  Because  of  our  uncertain  knowledge  of  emittances  the  last  method  will 
be  uncertain;  still,  it  will  serve  as  a  check  on  the  tiiermocouples . 


I 


5.  Mass-ST36ctrometrlc  Studleg 


0.  Conrad  Trulson,  Paul  Schissel 


a.  Tungsten-Oxygen  System 


The  measurements  of  the  pressujre  and  ten^jeratui'^  dependence  of  the 
oxidation  of  tungsten  have  been  completed  and  reported  in  detail  in  Technical 
Report  C-26.^  A  plausible  kinetic  model  vas  deduced  and  the  various  rate  con¬ 
stants  evaluated.  The  model  and  rate  constants  may  be  used  to  estimate  the 
kinetics  of  the  oxygen-tungsten  reaction  under  conditions  not  directly  amenable 
to  mass-spectrometric  measurement,  prcvided  tJie  temperature  and  pressure  arv^  such 
that  the  surface  conditions  are  similar  to  those  that  prevailed  during  the 
experiments.  In  terms  of  the  model,  the  procedure  for  determining  vdiether/  the 
surface  conditions  are  similar  rests  merely  on  determining  the  amount  of  oxygen 
adsorbed  on  the  surface.  The  o^Qrgen  is  adsorbed  on  two  kinds  of  sites  and  the 
fractional  coverage  of  these  sites  may  be  computed  as  follows.  Given  the 
tungsten  surface  temperature  (T,‘1C)  and  the  oxygen  pressure  (P,  torr),  paraneter 
values  X  and  3  are  computed  from 


and  these  values  are  used  with  Figure  A-10  to  determine  d^{a)  and 
loss  R  of  tungsten  (as  WOg  and  WO,,)  is  then  determined  from 


The 


with 


R  = 
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1.  P.  0.  Schissel  &  0.  C.  Trulson  Technical  Report  No.  C-26  Mass -Spectromc trie 
Study  of  the  Oxidation  of  Tungsten.  Union  Carbide  Research  Institute, 
October, 

*  This  specifically  excludes  conditions  vhere  polymeric  species  (i.e. 
and  larger  lasleciles)  are  important  products,  because  definitive  data^ 
on  these  species  were  not  obtained  experimentally,  or  where  gaseous  dif¬ 
fusion  rather  than  surface  kinetics  is  rate-controlling. 


There  is  a  paucity  of  data  on  the  oxidation  of  tungsten  in  oxygen  at 
higher  pressures  under  flow  conditions  There  diffusion  is  not  rate  limiting.  Thu 
present  method  of  prediction  agrees  with  the  experimental  results  of  Perkins  et. 
al.^  to  ca.  50^  at  2900®K  and  0.1  to  3  torr  0^;  at  higher  and  lower  temperatures 
the  agreement  is  somewhat  poorer,  but  still  commendable,  since  the  comparison 
represents  en  extrapolrtion  of  the  mass-spectrometric  results  by  four  orders  of 
magnitude  in  pressure  with  no  adjustable  parameters . 

b.  Molybdenum-Oxygen  Reaction 

Vapor  species  formed  by  the  reaction  of  molecular  oxygen  :rlth  molyb¬ 
denum  have  been  identified  and  their  intensities  measured  as  a  function  of  ‘*"r- 
face  ten^jerature  euid  oxygen  pressure  over  the  range  1^72 *K  to  2437“K  and  10  ^  to 
^  X  10"^  torr  0^.  The  principal  products  £U*e  MoO^(g),  MoO^Cg),  I4o0(g),  and  0(g); 
^he  temperature  dependences  are  shown  in  Figure  A-11  where  log  (vaporization  rate) 
vs.  reciprocal,  temperature  is  plotted  for  each  of  the  species  at  an  incident  oxygen 
flux  of  U.7  X  10  molecules/cm*^  sec.  'Rie  most  striking  feature  of  these  data  is 
the  MoO(g)  intensity,  which  is  linear  on  this  plot  over  a  900^0  temperature  range. 
(Quantitative  measurements  on  the  analogous  species  W0(g)  could  net  be  made  for  the 
tungsten-oxygen  reaction  because  the  isotopes  of  the  xarge  mercury  background 
occur  at  the  same  mass  positions  as  WO.)  The  species  0,  MoO^,  and  MoO.^  exhibit 
temperature  dependences  similar  to  those  exhibitea  by  0,  WO^,  and  WO^  in  the 
tungsten-oxygen  reaction. 

Pressure  dependences  were  measured  for  each  of  the  species  at  various 
temperatures.  For  MoO(g)  end  0(g),  the  order  varies  from  O.3  to  1,  increasing 
with  increasing  temperature.  For  McO,(g)  the  order  varies  from  near  1.0  at 
to  near  1.^*  at  OlOO^K;  only  one  run  was  taken  with  MoO,,  this  giving 
nearly  first-order  dependence  at  itr.  temperature  maximum. 

Various  kinetic  models  are  being  considered  for  this  system.  In  view 
of  it-,  similarity  in  behavior  to  th*'  tungsten-oxygen  system,  a  "tvu-layer"  model 
wa."  considered  first.  Although  the  data  have  not  been  fitted  n'-inerically  to  the 
the  0,  ,  and  MoO  ,  results  probably  can  be  explained  on  this  basis. 

■n.o  MoO  lata  arc  more  difficult  to  explain;  since  temperature -sat’orat ion.  cf  th.is 
jecics  is  not  observed,  its  temperature  trend  need  not  b**  interpreted  on  the 
hair  of  deerf'a  ■  i  ns  surface  coveraj-'c. 


R.  A.  Perkins,  W.  L.  Price,  D.  D.  Crooks,  Lockheed  Missile:;  and  Spate  Co, 
-  iB,  November  1'/.,'. 
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Measurements  currently  underway  with  beaans  of  oxygen  atoms  (formed 
by  cracking  CX)^)  indicate  that  these  react  with  molybdenum  to  form  MoO^Cg) 
about  100  times  as  efficiently  as  does  OOgCg);  the  rate  of  production  of 
other  molybdenum  species  is  less  affected.  It  is  planned  to  continue  these 
measurements  and  extend  them  to  the  COg-W  system. 
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COMPARISON  OF  CALCULATED  AND  OBSERVED  RATES  OF  CORROSION 
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FIGURE  A  •  3  COMPARISON  OF  CALCULATED  AND  OBSERVED  RATES  OF  CORROSION 
OF  W  BY  CO^/CO/Ar  MIXTURES;  CO^/CO^  -  0.5 
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FIGURE  A  .  4  COMPARISON  OF  CALCULATED  AND  OBSERVED  RATES  OF  CORROSION 
OF  W  BY  COy'ay'Ar  MIXTURES;  CC/cOj  •  1 
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FIGURE  A  .  5  TEMPERATURE  DEPENDENCE  OF  CORROSION  OF  W  IN  20  TORR  CO2 
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FIGURE  A  ■  6  TEMPERATURE  DEPENDENCE  OF  THE  CORROSION  RATE  OF 
SEVERAL  TUNGSTEN  SAMPLES  IN  COj 
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FIGURE  A  .  7  COPPER  INLET  TUBE  FOR  HF  REACTIONS 
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FIGURE  A  ■  8  EFFECT  OF  SURFACE  TREATMENT  UPON  EMITTANCE 
OF  POLISHED  C.E.  TUNGSTEN  30A5 
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FIGURE  A .  9 


TEMPERATURE  DEPENDENCE  OF  THE  CORROSION  RATE 
OF  UNDE  TUNGSTEN  IN  HF 


FIGUME  A  n  TEMPCRATURC  OCFENOENCC  OF  FROOUCT  FORHATtON  IN  lU  0,  REACTION 


B.  Physical  and  Mechanical  Prope^^tles 


1.  Hlgh-T&r^erature  X-ray  Stiidles  Fred  G.  Kelhn 

As  reported  In  the  September  1964  QPR,  boron  la  lost  from  the  surface 
of  NbB2  and  TaB^  when  they  are  heated  In  the  x-ray  vacui®  furnace.  To  reduce 
this  loss  the  hi^-temperature  furnace  for  the  Siemens  diffractometer  was  filled 
with  helium  at  higher  than  atmospheric  pressure,  nils  system  was  used  to  collect 
x-ray  diffraction  data  on  NbBg  up  to  1514 “C  from  which  lattice  constants  (Table 
B-I,  still  considered  preliminary)  were  calculated  by  the  least-squares  program 
described  in  previous  quarterly  reports.  Because  of  heat  losses  with  the  present 
furnace  (designed  for  vacuum  operation),  higher  temperature  can  only  be  obtained 
by  reducing  the  helium  pressure.  Measurements  at  higher  temperatures  will  be 
made  by  successively  reducing  the  helium  pressure  until  the  surface  of  the  sample 
is  observed  to  lose  boron. 

Since  the  loss  of  boron  from  NbB^  at  10C0*C  was  not  expected,  an 
experiment  was  conducted  by  C.  Trulson  in  which  a  sample  of  HbB^  was  heate'^  on 
a  tungsten  strip  in  a  mass  spectrometer  (10-10*'  torr).  A  large  signal  at  84 
mass  units,  believed  to  be  (HBO)^,  was  obtained  from  the  sasiple  at  temperaturee 
around  1000“C.  Traces  of  water  in  the  ..-ray  furnace  and  even  smaller  amounts  of 
wster  in  the  spectrometer  source  furnace  coxild  explain  the  respective  lot*  of 
surface  boron  in  the  x-ray  ssmple  and  pi^jsence  of  (HBO),  in  the  nu.ss  spect^-ometer . 

Table  B-II  gives  lattice  constant  and  thermal  expansion  data  for  “iB 
up  to  2041®C  and  coiipares  these  data  with  previous  wrk  by  a  somewhat  differ'^nt 
method  on  another  saaple.  'Sie  agreement  ie  excellent.  Also,  the  agreement 
between  lattice  constants  before  and  after  the  204l*C  nui  indicates  that  little 
boron  was  lost. 

Ihe  the’.Toal  expansion  of  KbB„  will  be  measured  to  the  tempera- 

c. 

ture  limits  of  the  present  furnace,  and  the  thermal  expansion  of  TaB..,  will  be 
determined  using  a  helium  atj^sphere.  Previo»isl.v  det^rmlriad  tN?rRMil  expansion 
data  for  ZrB.  will  be  rechecked  to  insure  that  lo&s  of  boron  at  high  teaperaturer 
did  not  affect  the  results.  A  aass-spectro»etrkc  check  of  the  species  vapoi.zinr 
from  TiB  at  viU  be  jsade. 
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Table  B-I 

Preliminary  Lattice  Parameters  for  NbBg  As 
a  Function  of  Temperature 


1 

25 

3.0866 

3.3O8I4 

2 

1012 

3.1055 

3. 3^+01 

3 

25 

3.087^^ 

3.3082 

>4 

753 

3.0996 

3.3312 

5 

1210 

3.IIOI4 

3.3^82 

6 

25 

3.0870 

3.307i^ 

7 

151^ 

3.1173 

3. 3571 

8 

25 

3.0832 

3.3107 

9 

1210 

3.1102 

10 

151^^ 

3.1176 

3.3579 

11 

25 

3.0868 

3.3090 

12 

753 

3.0996 

3.3300 

13 

1007 

3.1055 

3.3hOh 

ll+ 

25 

3.0870 

3.3089 
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One  sample 


Table  B-II 

Lattice  Parameters  and  Thermal.  Expansion 
For  TlBg  Ac,  a  Function  of  Ten5)erature 


Relative  expansion  x  10  ' 


Run 

Terap.^C 

a(A)  0 

4 

r  X  10 

e(A) 

a  X  10 

a 

MUM 

a 

1 

25'*’ 

3.0291 

(3.0286)+ 

2.1 

3.2280 

(3.2282)+ 

1.5 

2 

1514 

3.0630 

8.1 

5.2761 

9.8 

11.3 

lii.d 

(3.0629) 

(3.2774) 

(11.3)+ 

(15.2)+ 

3 

1T6t 

3.0684 

19.5 

3.2865 

23.6 

13.1 

18-1 

(3.0694) 

(3.2868) 

(13.4) 

(16.1 ' 

4 

204l 

3.0767 

3.9 

3.2966 

4.3 

15.8 

21.2 

(3.0771) 

(3.2969) 

(16.0) 

121.3) 

5 

25 

3.0284 

1.3 

3.2283 

1.6 

ci-Standard  deviation  from  the  least-squares  program. 

^  Run  before  heating,  the  runs  are  in  sequence. 

The  values  in  parentheses  vere  obtained  by  C.  Houska 
(QPR  September  1964)  by  a  camevhat  different  method. 
Houska  gave  no  a's. 

- 

a  and  c  measured  at  25  C. 
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Robert  Lovrie 


2.  Elastic  Properties 

Measurements  of  have  been  successfully  made  on  tungsten  crystal 
L-2  from  room  temperature  to  i800*C,  Biese  results  together  with  the  values 
previously  measured  (QHl  June  I96U)  for  and  l/2  +  l/2  C^g  + 

yield  the  individual  values  of  functions  of  temperature 

to  l800*C.  A  report  covering  this  work  is  being  prepared. 

A  report  has  been  prepared  and  will  be  issued  shortly  on  the  dynamic 
elastic  properties  of  polycrystalline  tungsten  ft*om  2k’’  to  l800'’C.  Least- 
square  equations  have  been  calculated  for  the  various  elastic  constants  of 
our  sample  (99*^^  dense)  versus  tenperature  and  also  for  the  constants  of  fully 
dense  tungsten  vs.  TC^C),  ;diich  are  as  follows: 

G  =  1.5893  X  10^^  -li^T33  X  lO^T  -2.M+8  x  lO^T^ 

L  =  5.2U15  X  10^^  -3.7399  X  10®T  -U.598  X  lO^T^ 

K  =  3.I22U  X  10^^  -1.7755  X  10®T  -1.333  X  lO^T^ 

E  =  1^.0761  X  10^^  -3.5521  X  10®T  -5.871  X  lO^T^ 

V  =  0.282lf7  +6.1902  X  lO’^T  +3.162  X  lo'^T^ 

Attempts  have  been  made  to  measure  the  elastic  constants  of  poly- 
crystalline  tantalum  and  niobium,  but  the  transmission  of  ultrasonic  pulses  has 
been  too  poor  in  the  specimens  obtained  from  a  commercial  source  to  make  mean¬ 
ingful  measurements.  The  velocity  of  compressional  waves  in  polycrysteLLline 
molybdenum  has  been  meatored  from  room  temperature  to  1760'’C,  However, 
difficulties  have  been  encountered  in  making  shear  measurements  over  the  same 
range,  apparently  as  a  result  of  the  presence  of  small  interfering  echoes. 

No  further  work  on  dynamic  elastic  properties  is  planned  except  as 
needed  for  studies  of  composite  materials. 

3.  High -Temperature  Creep  of  Refractory  Carbides  Frederick  G.  Keihn 

High-temperature  creep  has  been  followed  as  a  function  of  stress  at 
constant  temperatures  for  three  more  large-grained  polycrystalline  TiC  specimens. 
The  starting  materials  for  two  of  these,  TiC-Ul  and  TiC-U3,  were  much  purer  than 
for  previous  specimens,  but  chemica].  analyses  of  the  arc-fused  boules  are  not  yet 
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available.  The  other  specimen,  TiC-33,  was  made  from  the  same  materials  as 
specimens  TiC-32  and  TiC-34,  which  are  known  (QPR  September  1964)  to  contain 
fractional  percenteiges  of  Zr  and  V.  Hie  creep  rates  were  much  larger  for 
TiC-4l  (Figure  B-l)  and  TiC-43  (Figure  B-2)  than  for  TiC-33  (Figure  B-3). 

The  creep  rates  are  plotted  in  log-log  form  in  Figure  B-4,  the 
stress  having  been  calculated  in  each  case  from  the  applied  total  load  and  the 
changing  cross  section  of  the  specimen  as  it  deformed.  Specimen  TiC-33  showed 
X  high  stress  dependence  ('^^^)  comparable  to  the  stress  dependence  reported 
in  OPR  September  1964  for  a  specimen,  TlC-37,  of  equivalent  purity.  Specimens 
TiC-4l  and  TiC-43  showed  the  smaller  stress  dependencies  and  O  *^, 
respectively. 

Our  extensive  creep  data  on  many  TiC  specimens  are  now  being 
summarize!  and  analyzed.  One  observation  is  that  the  plastic  deformation 
of  TiC  is  a  very  sensitive  function  of  structtire  and  inroxirities.  IHiis  would 
suggest  that  the  hi^ -temperature  mechanical  properties  of  TiC  specimens  in 
general  will  also  be  highly  dependent  on  their  thermal  and  mechanical  history. 

Next  quarter,  the  stress  dependence  for  more  TiC  specimens  of  high 
purity  will  be  determined,  and  a  few  creep  tests  will  be  made  on  TaC-HfC  and 
TaC-ZrC  solid  solutions. 

4.  Steady-State  Creep  in  Body-Centered  Cubic  Meteds  Robert  L.  Cummerow 

A  set  of  six  single-crystal  Nb  tensile  specimens  was  received  from 
Dr.  E.  Votava  of  Union  Carbide  European  Research  Associates.  There  are  two 
specimens  each  for  the  principal  crystallographic  directions,  [lOO],  [llO], 
and  [ill] .  Since  single -crystal  specimens  of  t\ingsten  are  not  yet  ready, 
it  was  decided  to  make  measurements  on  the  niobium  samples  first  and  the 
txingsten  second.  In  addition.  Dr.  Votava  has  made  a  careful  study  of  the  yield 
characteristics  of  niobium  single-crystals  at  room  temperature  so  that  a  correla¬ 
tion  with  Dr.  Votava 's  work  will  be  sought  for  high  temperature,  steady-state 
creep  as  a  function  of  orientation. 

Thj.s  change  of  plans  will  necessitate  consideration  of  the  slip 
systems  {lloJ<lll>  rather  than  the  systems  {ll2|  <111>  reported  for  tungsten 
in  the  QPR  for  September  1964.  A  modification  of  the  tensile  furnace  is  also 


III  -  29 


f 


(  ? 


being  made  in  order  to  accommodate  Dr.  Votava*s  san5>les,  vhich  vrere  fabricated 
entirely  by  zone  melting.  In  addition  to  the  tensile  creep  experiments  on 
these  samples,  resistance  ratio  measurements,  x-ray  orientation  ireasurements 
before  and  after  deformation,  and  metallographic  tests  to  aid  in  slip  plane 
determination  will  be  made. 

Aiyparatus  -  Satisfactory  zone  melting  of  l/li-inch  tungsten  rod  has 
not  yet  bean  achieved  because  the  equipment  for  the  automatic  control  of  bomb¬ 
ardment  current  in  the  electron  beam  zone  refiner  is  not  yet  here.  (It  is  on 
order  and  is  expected  to  arrive  momentarily. )  If  satisfactory  samples  cannot 
be  refined  from  the  l/4-inch  rod  using  this  automatic  control,  the  initial  rod 
diameter  vlll  be  reduced  to  l/8  or  3/16  inch. 

Very  good  results  have  been  achieved  in  the  electrolytic  machining 
of  l/l+-inch  tungsten  rod.  A  tensile  specimen  k  inches  long  with  a  5/8”inch 
gauge  section  In  the  middle  and  l/i4--inch  long  cylindrical  knobs  on  each  end  has 
been  produced.  The  surface  is  hifthly  polished  and  regular.  The  sample  was 
mounted  horizontally  in  a  small  lathe  and  immersed  in  an  aqueous  solution  of 
about  6^  NaOH.  A  long,  flat  cathode  of  stainless  steel  was  placed  parallel  to 
the  cylindrical  sanqjle  and  the  current  density  was  maintained  hi^  enough  to 
guarantee  polishing  action  as  determined  visually.  The  sample  was  rotated  at 
about  4  r.p.m.  Stop-off  lacquer  was  used  to  delimit  the  regions  to  be  machined. 

The  various  components  of  the  tensile  creep  measurement  system  were 
tested  together  in  a  preliminary  run.  This  test  included  the  heater  and  heater 
power  supply;  a  photo-tube  temperature  sensor,  •vdiich  controlled  the  sample 
temperature  throu^  an  L  and  N  recorder,  magnetic  ajiqjllfier  and  saturable  core 
reactor;  and  a  pumping  system  made  up  of  one  each  of  Varian  sublimation  and  vac- 
ion  pumps  with  a  Linde  liquid  nitrof ^n  cryosorption  fore  pump.  Temperature  cali¬ 
bration  was  afforded  by  an  optical  pyrometer  sighting  on  a  black-body  hole  in 
the  sample.  At  l865*’C  there  was  a  variation  of  about  35“C  along  the  l/2-inch 
gauge  section.  This  difference  will  be  reduced.  The  temperature  range  covered 

was  1CX)0  to  2000®C.  Diffusion-limited  creep  in  Nb  will  occur  throughout  this 

-9 

temperature  range.  The  pressure  in  the  cold  chamber  was  2  x  10  torr;  at  the 

-7 

highest  temperature,  5  x  10  torr.  The  differential  transformer,  control  unit, 
and  recorder  for  measuring  sample  deformation  were  checked  out  separately.  The 
equipment  all  functioned  satisfactorily,  and  a  complete  set  of  experiments  on 
the  niobium  samples  will  be  attempted  during  the  next  quarter. 
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FIGURE  B  2  CREEP  OF 


CREEP  OF  SPECIMEN  TiC33  AT  2231*K 


C.  specimen  Preparation  and  Characterization 


1.  Purification  and  Sample  Pi’eparatlon  I.  Binder 

Powders  of  TaC,  ZrC,  and  TaC-ZrC  and  TaC-HfC  solid  solutions  have 
been  prepared  and  purified  for  work  on  skeletal  carbides.  The  powders  are 
being  used  to  prepare  skeletal  carbide  composites  as  reported  in  Section  D-1 
and  for  preparing  arc-fused  specimens  for  wetting  studies  relating  to  the  in¬ 
filtration  process. 

Polycrystalline  molybdenum  and  niobium  rods,  l8'*  long  and  3/4'*  in 
diameter,  for  the  attempted  acoustlced  measurements  of  elastic  properties  were 
annealed  in  the  equipment  usually  used  for  zone  sintering. 

2.  Analytical  Research  G.  J.  McKinley,  H.  F.  Vfendt 

a.  Determination  of  Boron  -  The  pyrohydrolytic  determination  of  boron 
in  zirconium  diboride  and  titanium  diboride  has  been  described  (QPR  Septoniber 
1964).  During  this  quarter  the  technique  has  also  been  successfully  applied  to 
the  diborides  of  tantalum  and  niobium,  and,  with  some  modifications,  to  hafnium 
diboride  as  well. 

Samples  '^f  the  diborides  of  niobium,  tantalum,  and  hafnium  were  ob¬ 
tained  and  reduced  to  -200  znesh.  The  niobium  and  tantalum  diborides  were 
analyzed  for  boron  by  pyroh^'drolysis  and  by  the  routine  peroxide  fusion  rethod. 

The  results  (Table  C-l)  indicate  greater  boron  recovery  by  pyrohydrolysis  than 
by  the  peroxide  fusion.  Moreover,  the  low  total  analyses  shown  in  Table  C-II 
suggest  that  the  fusion  in  fact  does  give  incomplete  boron  recovery. 

Several  mod if i cations  in  procedure  were  necessary  for  complete  boron 
recovery  from  hafnium  dlboride;  (l)  The  furnace  temperature  was  increased  to 
l400*C  (pyronydro lysis  st  1200*C  and  1300*C  gave  improved  but  incomplete  re¬ 
coveries);  (2)  a  zircon  boat  (Deco  No.  528-57)  was  substituted  for  the 
platinum  boat,  since  the  latter  deteriorated  badly  at  temperatures  greater  than 
1100“C;  (3)  oxygen  was  Introduced  into  the  steam  generator  at  a  rate  of 

approximately  5  ml  per  minute  In  ’»r  to  maintain  a  steady  flow  of  steam  through 
the  combustion  tule;  ^4)  the  time  of  distillation  was  increased  to  two  hours; 

(5)  the  potenticanetric  end  points  weie  calculsted  by  use  of  the  second  derivative 


method,  since  the  volume  of  solution,  mannitol  concentration,  and  ionic  con¬ 
centration  dlfPored  from  thr-  fixed  conditions  vhich  had  been  established  for 
routine  determination. 

The  results  (Table  C-IIl)  are  in  good  agreenent  vith  the  results 
obtained  by  use  of  the  routine  peroxide  fusion  method.  Quantitative  spectro- 
graphic  analysis  of  the  residues  frcn  the  i^ohydrolysis  of  the  hafnium  diborlde 
indicated  less  than  tvo  parts  of  boron  per  thousand  parts  of  the  boron  present 
in  the  original  sample. 

Although  only  hafnium  diborlde  vas  run  using  the  several  modified 
conditions  described  above,  these  conditions  vould  appear  to  be  desirable  for 
routine  use  with  all  samp''2s.  It  vas  found  that  continuous  operation  of  the 
furnace  at  lUOO*C  shortens  the  life  of  the  quartz  comibustion  tube  considerably 
(after  ten  runs  at  this  temperature  It  had  deteriorated  badly),  but  the  zircon 
boat  performed  satisfactorily. 

A  research  report  entitled  "IHie  Determination  of  Boron  in  Re¬ 
fractory  Borides  by  lyrohydrolysis”  has  been  wi*ltten  and  approval  for  publication 
requested. 


Table  C-I 

Comparison  of  ftrrohydrolysis  and  Fusion  Methods  for  Boron 
Determination  on  Diborides  of  Niobium  and  Tantalum 
(in  weight  percent  Boron) 


Pvrohydrolysis  Method 

Routine 

Peroxide  Fuaion  Method 

NbBg 

•DaBg 

NbBg 

19.66 

11. U2 

19.^2 

11.06 

19.60 

11. ‘*3 

19.32 

11.02 

19.65 

11  .k2 

19.22 

11.06 

19.67 

11.  U2 

19.31 

11.20 

19.58 

11. U2 

19.30 

11.05 

19.70 

19.1** 

Mean  19 .61* 

11.  U2 

19.28 

ii.09 

Std. 

Dev.  O.QU 

0.006 

0.10 

0.07 
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Table  C-II 


Conposltlon  of  Metal  Borides 

Boron^^- 

(in 

weigiit  percent) 

Total 

IiBOuritles''’' 

Total 

Sample 

Metal 

Carbon 

Hitrossn  Oxvaen 

Analysis 

NbBg 

78.8T 

19.28 

C.23 

<  0.01  0.4l 

0.50 

99.29 

TaBg 

88.10 

11.09 

0.05 

<  o.oi  0.15 

O.lU 

99.53 

( d } 

Boron  detenaiaod  by  routimr  peroxide  fusion  procedure. 


^^^Total  iinpurlties  deteialmd  by  quantitative  spectrograj^ic 
analysis. 


Table  C-III 

Comparison  of  Pyrohydrolvsls  and  Fusion  Methods  for  Boron 
Deteimlnatlon  in  Hafniuo  mboride 
(in  .«i^t  peramt  Boron) 


Run 

No. 

1 

2 

3 

!♦ 

5 

Mean 

Std.  Dev. 


Py^ohydrolysis 
at  1U00*C 

10.32 

10.28 

10. 3I! 

10. 31 
10^ 
10.31 
0.02 


Routine  Bsroxide 
Fusion  Rrocedure 

10.22 

10. 18 
10.20 
10.20 
10*  IT 

10.19 
0.02 


b.  Detemlrjitlon  of  ftw  Cartcn  -  Sam  additional  worJf  on  the 
determination  of  free  carbon  in  refractory  meta^l  carbidtos  has  been  cca^leteo. 
These  cteteralnaticms  are  made  here  by  a  modified  Kriege  procedure  (QFR  June 
1963)  desi.Ttated  in  this  arl  pi’ievlous  Tsaports  as  the  UCOri)  aethod.  The 
aethod  requires  dissolution  of  the  carbide  by  first  adding  13  ad  of  concen¬ 
trated  nitric  acid  and  then  ccmcentrated  hydrofluoric  acid  dropvise  until  re- 
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action  ceases.  The  Insoluble  free  carbon  Is  removed  by  filtration  and 
determined  ac-  carbon  dioxide  by  combustion. 

Recently  a  Mthod  for  the  determination  of  free  carton  in  hafnium 
(1) 

carbide  was  published'  '  i-dilch  diffei’s  basically  from  the  UCCTH)  method  in  two 
ways  —  (l)  The  eunounts  and  he  order  of  addition  of  acids  are  changed,  i.e. 
the  carbide  sample  is  treated  with  20  ml  of  liydrofluoric  acid  (rather  than 
nitric),  after  which  nitric  acid  (rather  than  hydrofluoric)  is  added  dropwise 
until  reaction  ceases;  (2^  the  residue  is  washed  with  a  hot  10^  sodium  hydrox¬ 
ide  solution  before  combusting  the  separated  free  carbon.  The  second  change 
was  made  in  the  effort  to  eliminate  "high  and  erratic  results"  obtained  vdien 
the  Kriege  method  was  applied  to  hafnium  carbide  of  very  low  free  carbon  con¬ 
tent.  The  irregular  results  were  attributed  to  the  presence  in  the  residue 
of  dark  red,  translucent  peirticles,  which  co  Id  be  dissolved  in  the  10^  sodium 
h.ydroxide  solution. 

Feick  and  Giustetti  suggested  that  the  red  residue  represented 
combined  carbon  which  is  incompletely  oxidized  during  acid  treatment,  and 
that  the  amount  of  such  residue  depends  on  the  particle  size  of  the  carbide 
and  on  the  details  of  the  acid  treatment. 

However,  our  experience  with  the  UCCND  method  is  that  using  a  large 
amount  of  h^'drofluorlc  acid  initially  and  then  adding  nitric  acid  dropwise  in 
a  lesser  amount  promotes  the  formation  of  a  reddish  materiaJ.  which,  if  carried 
through  subseqr  t  steps  of  the  analysis,  causes  high  and  erroneous  results. 

Experiments  desire  el  to  confirm  this  conclusion  in  detail  were  per¬ 
formed.  Samples  of  zirconium  carbide  and  hafnium  carbide  (-200  mesh)  were 
analyzed  for  free  curbon  by  three  procedures  -  (l)  the  UCCND  method;  (2)  the  UCCND 
method  with  reversed  acid  addition;  (3)  the  Feick-Giustetti  method.  In  pro¬ 
cedure  No.  2  only  the  amounts  and  order  of  addition  of  acids  were  changed,  i.e. 
the  oample  '.-ms  dissolved  by  treatment  with  IS  ml  of  hydrofluoric  acid  and  drop- 
xdse  addition  of  nitric  acid  until  reaction  ceased.  The  Feick-Giustetti  method 
was  followed  faithfully  except  for  the  carbon  dioxide  measurement,  which  was 
gravimetric  instead  of  conductometric. 


(1)  Feick,  G. ,  Giustetti,  W, ,  Anal.  Chem.  36,  2198  (l96h). 


I 

i 

retfults  (colums  1  and  2  cf  Table  C-IV)  indicate  that  the  nitric 
acid  must  be  added  first  to  avoid  Incoaqplete  oxidation  of  the  coniblned  carbon  i 

H' 

and  consequent  fomation  of  organic  intermediates^  Althou^^  these  organic  | 

products  may  be  removed  by  wshlng  the  filtered  residue  with  sodium  hydroxide  | 

\ 

solution,  (column  3),  our  method  (UCCWD)  of  dissolution  apparently  prevents  | 

their  formation.  It  has  also  been  noted  that  a  sufficient  excess  of  nitric 
acid  is  capable  of  destroying  any  organic  intermediates  formed  by  reversing  the 
preferred  order  of  acid  addition. 


Table  C-IV 


Effect  of  Reversing;  the  Acid  Additions  in  UCCND  Method  and 

Counterbalanclnfc  Effect  of  the  F6ick~Giustetti 

Caustic  Mash 

(Results  in  percent  free  carbon) 

Sample 

uccra) 

Method 

UCCND  Method 
With  Reversed 
Acid  Addition 

Feick-Giustetti 

Method 

ZrC 

0.08 

3.39 

0.09 

0.11 

4.12 

0.05 

0.07 

3.82 

0.08 

Mean 

0.09 

3.T8 

0.07 

Range 

O.OU 

0.73 

0.04 

HfC 

O.CT 

3.07 

0.12 

O.OT 

2.49 

0.09 

0.11 

Mk 

0.08 

Mean 

0.08 

2.77 

0.10 

Range 

O.Oi^ 

0.58 

0.04 

A  manual  of  our  procedures  for  analysis  of  the  refractory  carbides 
and  borides  is  being  prepared. 
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D.  Composites 


The  materials  under  consideration  here  -  skeletal  carbide  com¬ 
posites  —  consist  of  tvD  interlocking  continuous  phases,  one  a  refractory 
carbide  and  the  other  a  metal,  and  are  designed  to  be  superior  in  low- 
temperature  properties  to  the  refractory  carbide  itself,  while  maintaining 
its  desirable  high -temperature  properties  even  thougn  the  metal  may  melt  or 
vaporize.  Such  behavior,  as  measured  by  transverse  rupture  strength,  has  now 
been  found  for  TaC-Ag  composites. 

1.  Preparation  Ira  Binder 

The  prejjaration  of  skeletal  csirbide  composites  was  continued,  with 
TaC,  ZrC,  and  carbide  solid  solutions  based  upon  TaC  as  the  primary  hardmetal 
skeletons.  Work  was  concentrated  on  silver  and  silver  alloys  as  infiltrants, 
since  the  carbide  skeleton  is  not  disrupted  when  the  infiltrated  silver  is 
vaporized,  •vdiereas  nickel -infiltrated  TaC  loses  practically  all  its  strength 
in  the  neighborhood  of  lUOO‘’C.  This  problem  with  the  original  nickel  in- 
filtrant  was  investigated,  and  a  study  of  the  infiltration  of  TaC  with  "TaC- 
saturated"  nickel  was  begun. 

TiC-Ag  Skeletal  Carbides  -  Changes  in  the  heating  time  and  tempera¬ 
ture  have  led  to  large  improvements  in  the  infiltration  of  TaC  with  silver. 
Several  minutes  at  temi)eratures  of  li<-00-lU20'’C  was  best.  The  occurrence  of 
irregularly  infiltrated  regions,  viiich  may  be  partially  due  to  non -uniformity  of 
the  hot-pressed  TaC  skeletons,  can  be  reduced  considerably  by  adding  a  small 
amount  of  nickel  (less  than  2  wt.^  of  the  silver)  to  enhance  wetting.  Kickel 
by  itself  reacts,  causing  disruption  of  the  carbide -carbide  bonds  at  temperatures 
in  the  range  of  llOO'C,  but  a  small  amount  in  solution  in  the  silver  appears  to 
assist  the  wetting  process  and  to  aid  infiltration  without  damaging  the  TaC 
skeleton.  Silver-infiltrated  TaC  specimens,  wtien  diamond -ground,  show  many 
small  silvery  spots  and  short  lines,  uniformly  distributed  over  the  surface. 

This  indicates  that  the  silver  is  filling  the  fine  continuous  porosity  in  the 
original  skeleton  without  disrupting  it  or  closing  off  its  pores. 

One  method  of  detemiinlng  the  utility  of  an  infiltrated  composite  at 
elevated  temperatures  is  to  check  both  the  appearance  and  the  properties  of  the 
skeleton  after  compJete  vaijorlzatlon  of  the  infiltrnnt  at  or  above  the  projected 
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service  temperatures.  For  our  first  trials  the  infiltrated  bars  vere  heated 
rapidly  in  the  hot  press,  in  a  graphite  die  without  pressure,  to  ten^jeratures 
above  2000*0.  After  cooling  to  room  temperature,  silver-inf titrated  TaC 
specimens  so  treated  to  evaporate  the  silver  had  substantially  the  same 
strength,  density,  and  resistivity  as  the  original  hot-pressed  TaC.  There  was 
no  measurable  change  in  any  dimension,  further  indicating  no  real  solution  of 
TaC  in  the  silver  during  infiltration  or  infiltrant  removal,  since  any  such 
solution  and  reprecipitation  would  have  led  to  shrinkage  and  consequent 
dens if i cat ion.  The  transverse  rupture  strength  of  the  TaC  skeleton  (Ag 
vaporized)  is  reported  in  greater  detail  below,  in  Section  D-2. 

TaC-Hi  Skeletal  Carbides  -  The  transverse  rupture  strength  of  the 
TaC-Ni  con^KJSites  is  high  at  room  temperature  but  drops  drastically  at  lU00°C. 
Fi.irthermore,  when  the  TaC-Ni  composite  is  heated  to  high  temperatures  (over 
2000*C)  to  drive  off  the  nickel,  the  carbide  skeleton  remaining  is  porous  and 
friable  and  easily  broken  by  hand.  The  carbide -carbide  bonds  are  evidently 
disrupted  by  the  nickel  at  temperatures  at  and  above  its  melting  point. 

This  disruption  should  be  minimized  by  pre- saturating  the  nickel  in¬ 
filtrant  with  TaC  and  using  the  "TaC-saturated"  nickel  to  infiltrate  the  carbide 

* 

skeleton.  The  solubility  of  TaC  in  molten  nickel  has  been  studied  by  reacting 
varying  amounts  of  TaC  with  Ki  at  l'4-T5°C.  TaC  powder  (+  200  mesh)  was  placed 
on  top  of  lightly  compressed  nickel  powder  in  a  re crystallized  alumina  boat  and 
then  heated  in  a  ceramic  tube  furnace,  in  a  purified  flowing  argon  atmosphere. 
One  run  was  made  in  a  graphite  crucible,  with  a  Ni  +  20  wt.^  TaC  (i.e.,  20  wt.'^ 
of  the  amount  of  nickel)  composition. 

The  photomicrographs  of  Ni  +  Vj}  TaC  (Figure  D-]A)  show  only  a  porous 
single  phase  with  no  structure  that  could  be  related  to  TaC.  The  Ni  +  10^  TaC 
(Figure  D-IB)  shows  many  clear  areas,  some  small  inclusions  wiilch  may  be  alumina 
entrapped  in  pores  during  grinding,  and  several  areas  with  a  Wldinenstatten  of 


*  According  to  R.P.H.  Fleming  [ Powder  Metallurgy .  12,  1T9  (1962)]  the  solubility 
of  tantalum  carbide  in  nickel  has  beet,  determined  by  R.  W.  K.  Honeycctribe 
[Proc.  Aus.  Inst.  Min.  Met. ,  128,  22T  (19^2)]  and  R.  Edwards  and  T.  Raino 
[ ELansee  Proc. ,  p.  232,  (l952)].  We  have  not  yet  received  the  last  two 
references  tut  Fleming  claims  lens  than  '3  wt.^  solubility  of  TaC  in  Ni  for 
a  compact  sintered  at  13oO°C. 


idiase.  A  similar  phase  is  visible  throughout  the  Ni  +  20^  TaC  (Figure  D-2A). 

With  Ni  +  501^  'i’aC  (Figure  D-2B),  there  is  no  longer  a  Widmanstatten  phase,  but 
instead  many  sharp-edged,  rectangular  prisms  of  TaC.  Similar  structures, 
with  larger  fractions  of  TaC,  are  seen  in  Ni  +  TaC  (Figure  D-3A)  and 
Ni  +  1005t  TaC  (Figure  D-3B). 

A  photomicrograph  (Figure  of  the  specimen  of  Ni  +  20^  TaC 
heated  in  a  graphite  crucible  shows  a  considerable  quantity  of  platelike  graphite 
inclusions.  The  long  continuous  lines  are  polishing  scratches,  rather  than 
the  structure  visible  in  the  Ni  +  205^  TaC  melted  in  alumina. 

Further  Ni  +  TaC  compositions  between  20  and  50  added  wt.^  TaC  will 
be  made  and  studied  to  determine  the  composition  at  which  discrete  TaC  particles 
begin  to  be  seen.  It  should  be  noted  that  all  the  Ni-TaC  compositions  malted 
in  this  series  retained  a  considerable  ductility,  despite  the  presence  of 
hard  second  phases.  All  of  the  above  compositions  were  cut  by  hand  with  a 
hacksaw  before  metallographic  examination  and  could  be  deformed  at  room 
temperature  by  hammering. 

The  Ni  +  20^  TaC  mixture  (previously  melted)  is  being  used  to  in¬ 
filtrate  TaC  skeletons.  The  mixture  infiltrates  readily,  and  rupture  strength 
measurements  are  being  made. 

ether  Skeletal  Carbides  -  Hot-pressed  ZrC  bars  (80-90^  of  theo¬ 
retical  density)  made  from  purified  ZrC  powders  have  been  Infiltrated  with 
nickel  or  with  silver,  but  with  irregular  success.  Sometimes  the  specimen  in¬ 
filtrated  completely,  but  sometimes  only  a  shallow  surface  layer  seemed  to  be 
affected.  Perhaps  the  pores  in  this  material  are  often  not  continuous,  despite 
the  use  of  powders  coarser  than  those  used  tc  produce  TaC  skeletons.  In 
addition,  despite  purification,  the  ZrC  is  less  pure  than  the  TaC,  which  may 
lead  to  reactions  causing  a  sealing  off  of  interconnected  pores.  More  re¬ 
producible  porous  skeletons  will  be  sought  by  adding  coarser  particles  to 
control  the  powder  particle  sizing.  Further  work  on  ZrC-based  composites  is 
desirable  because  they  may  well  have  better  resistance  to  hi,'Jh-temperatare 
corrosion  than  TaC  and  NbC  composites  have. 

An  additional  means  f  achieving  skeletal  strength  at  very  high 
temperatures,  and  also  of  making  use  of  any  possible  advantage  derived  from 
the  Group  IV  carbides,  Ic  the  use  of  carbide  solid  lolutions.  It  has  long 
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been  known  that  the  TaC-HfC  and  TaC-ZrC  systems  show  melting  polm.  maxima 
at  ratios  of  approximately  h/l.  Hardness  and  strength  properties  may  also 
maximize  at  the  same  compositions.  Batches  of  80  TaC/'20  HfC,  90  TaC/lO  HfC, 

80  TaC/20  ZrC,  and  90  SaC/lO  ZrC  have  been  prepared  and  used  to  make  both 
transverse  rupture  strength  specimens  and  infiltration  blanks.  The  first 
infiltration  experiments  with  these  composlcions  show  behavior  similar  to 
that  of  T?bC,  indicating  that  essentially  continuous  fine  porosity  can  be 
achieved  reproducibly  for  these  solid  solution  carbides. 

Specimen  Pressing  -  Isostatically  pressed  cylinders  of  TaC,  ZrC, 
and  NbC  have  been  infiltrated  successfully  with  20  percent  of  nickel.  In 
each  case,  the  pressed  and  pre-sintered  cylinder  was  of  lower  density  than 
the  skeletons  prepared  by  hot  pressing.  Som  shrinkage  occurred  during  the 
infiltrations.  Indicating  liquid  phase  sintering  at  the  infiltration  ten^jera- 
ture  of  approximately  lU75*’C.  To  provide  a  denser  emd  stronger  hardmetal 
skeleton  without  recourse  to  excessively  high  processing  temperatures,  iso¬ 
static  pressing  of  TaC  mixed  with  a  small  amount  (l  percent  by  weight)  of 
nickel  was  studied.  Furnace  heating  of  one  such  specimen  produced  a  body  with 
a  density  T6  percent  of  the  theoretical  density  for  TaC.  This  cylinder  was 
then  infiltrated  with  10  percent  nickel,  indicating  that  the  pores  of  the 
partly  sintered  body  were  still  essentially  continuous.  Tills  procedure  will 
be  continued  using  metals  such  as  silver  both  as  sintering  aids  and  as 
inf iltrants . 

It  has  been  found  that  hot-pressed  specimens  will  not  infiltrate 
properly  if  they  have  been  overheated  enough  to  react  with  the  graphite  hot- 
pressing  die.  This  is  apparently  caused  by  graphite  platelets  Introduced 
into  the  carbide  skeletons  and  by  the  disruption  of  the  continuous  network  of 
fine  pores.  While  this  effect  can  best  be  seen  with  such  a  conibinetion  as 
TaC  +  Ag,  it  apparently  can  happen  with  any  carbide  +  metal  infiltration 
system.  On  this  basis,  the  good  purity  of  the  TaC  being  used  in  this  work  can 
be  a  considerable  advantage,  since  there  is  little  free  carbon  in  the  original 
carbide  powders. 

Future  Work  -  Work  during  the  next  quarter  will  be  concentrated  on 
infiltration  of  TaC  with  "TaC-saturated"  nickel,  the  use  of  silver  alloys  an 
infiltrants,  the  preparation  and  infiltration  of  ZrC  specimens  with  continuous 
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porosity,  the  use  of  TaC/HfC  and  TaC/ZrC  solid  solutions  for  the  carbide 
skeletons,  and  Isostatic  pressing  of  larger  composite  bodies. 

2.  Mechanical  ft’operties  Frederick  G.  Kelhn 

The  transverse  rupture  strength  of  silver-infiltrated  TaC  has 
been  measured  up  to  l800*C  using  the  argon -atmosphere  carbon  tube  furnace  and 
loading  system  described  in  the  September  1964  QPR.  In  addition  to  TaC-Ag 
specimens,  strength  measurements  vere  also  made  on  infiltrated  specimens  from 
>diich  the  silver  had  been  evaporated  leaving  only  the  TaC  skeleton.  TaC-Ag 
composites  and  TaC  Itself  (QfR  September  1964)  are  compered  in  Figure  D-5. 

The  attractive  feature  for  the  con5>osite  is  that  it  is  generally  stronger  than 
the  original  TaC  from  room  temperature  to  about  l400“C  and  con5)arably  strong 
at  l800“C,  only  the  l600“  point  being  unfavorable.  The  skeletons  from  ^ich 
the  Ag  has  been  evaporated  are  con^rable  in  strength  to  the  original  TaC. 

The  infiltration  and  the  subsequent  vaporization  of  the  silver  apparently  do 
not  disrupt  the  TaC  graln-to-grain  bonds.  This  is  v>hat  ve  hoped  for.  The  need 
now  is  to  further  in5)rove  the  room  temperature  strength  -  as  is  probably  pos¬ 
sible,  for  example,  by  replacing  silver  with  silver  alloys. 

Specimens  of  nickel- infiltrated  TaC  from  ’-diich  the  Ni  had  been 
vaporized  were  too  weak  even  to  be  measured  in  the  transverse  rupture  machine. 
The  nickel -infiltrated  TaC  corapoBltes  also  do  not  have  the  desired  strength  at 
high  temperatures  (above  1400®C),  and  no  further  work  will  be  done  on  them. 

We  hope  the  mechanical  properties  of  TaC  infiltrated  with  "TaC-saturated" 
nickel  will  be  good,  hovever,  but  they  still  have  to  be  investigated. 
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B.  Ni  +  10*  ToC  300X 

FICURE  D  - 1  SOLUTION  OF  ToC  IN  NICKEL 
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A.  Ni  +  20X  TaC 
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B.  Ni  ♦  50S  ToC  300X 


FIGURE  D  •  2  SOLUTION  OF  ToC  IN  NICKEL 
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B.  Ni  ^  100%  ToC 


FIGURE  D  •  3  SOLUTION  OF  T«C  W  NICKEL 


Ni  't’20%  TqC  (melted  in  graphite  crucible) 
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FIGURE  D  ■  4  SOLUTION  OF  ToC  IN  NICKEL 
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